Abstract -We present novel low-frequency (0.1 Hz-50 Hz) measurements of the complex elastic susceptibility of the glass-forming liquid salol confined to nanoporous Vycor glass. Our data can be perfectly interpreted with the assumption of a radial distribution of Vogel-Fulcher temperatures T0(r) inside the pores, resulting from an increase of the molecular relaxation time with decreasing distance from the rough pore surface as recently found by computer simulations (Scheidler et al., Europhys. Lett. 59, 701 (2002)). The results show for the first time, that the dynamic elastic response is extremely sensitive for separating confinement-induced acceleration effects of the molecular dynamics and surface-induced slowing-down due to rough pore interfaces.
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Introduction. -Dynamics in confined systems is a widely distributed phenomenon. It appears in chemistry, physics, biology and material science. Basic questions concerning the modification of structural phase transitions [1, 2] , crystallization [3] , melting [4] [5] [6] or glass transitions [7] under confinement are a matter of active research. Near the glass transition temperature T g a dramatic increase of the characteristic relaxation time τ or the viscosity over more than 14 decades is observed (α-relaxation) [8, 9] . This can be interpreted as resulting from a cooperative behaviour of the relevant molecular motions ("cooperatively rearranging regions") characterized by a length scale ξ, which increases when approaching T g [10, 11] . Close to T g this correlation length ξ g is expected to be of the order of a few nanometers [12, 13] . To search for such a characteristic length scale underlying the glass transition many experiments and computer simulations of glass-forming systems in spatial confinement of pores or ultrathin films have been performed over recent years [14] . This research is motivated by the following simple idea: If a growing correlation length ξ with decreasing temperature would be at the origin of a glass transition, then a spatial limitation d should lead to a decrease of T g (confinementinduced acceleration of dynamics due to suppression of cooperatively interacting modes), and finally suppress the glass formation at all for d<ξ g . Indeed dielectric spectroscopy and temperature modulated DSC measurements of polypropyleneglycol (PPG) and polydimethylsiloxane (PDMS) confined to nanoporous silica based host systems yield strong evidence for an inherent length scale relevant for glassy dynamics. I.e. the specific heat anomaly at T g decreases with decreasing pore size and finally vanishes at d =1.8 nm for PPG and d = 5 nm for PDMS [15] . There are, however, also systems, where the heat capacity does not disappear even at very small pore diameters, as found, e.g., for o-terphenyl [16] and glycerol [17] . From dynamic calorimetry across the glass transitions of polyethylene-terephtalate, benzoin-isobutyl-ether and salol ξ(T g ) ≈ 2 nm was found [18] . For comparison, dielectric measurements of salol confined in nanoporous Gelsil yielded ξ(T g ) > 7 nm [19] . The origin of such discrepancies is a matter of current discussions in terms of calculating the correlation length either using the Gibbs or the von Laue approach [18] .
A complication of the simple above idea is due to the assumption that surface effects in the pores may balance or even overcome an intrinsic or confinement effect. Samples with uncoated (natural) pores, where H-bonds between the molecules and the walls can form, correspond to the situation of a rough surface. Then the effect of this wall would be to block the molecular motion at the pore surface, slowing down the confinement-induced 36003-p1 acceleration of dynamics. This seems to happen in toluene-d3, where it was argued that the surface-induced slowing-down of the molecular motions is transmitted quite far into the pore volume [20] . This implies, that the surface-induced slowing-down dominates over the finite-size induced acceleration and T g is effectively shifted to higher temperatures due to confinement. Also for benzene an increase of T g with decreasing pore size was reported [21] . Of course for such systems a discussion on the problem of length scales must distinguish between liquids with strong or weak wall interactions making H-bonds with the pore surface or not, etc. [22] .
If on the other hand the pore surface is coated, the molecules located near the walls would be highly mobile, and one expects an additional acceleration. Such surface effects were recently modeled by molecular-dynamics simulations of the relaxation dynamics of confined glass-forming liquids [23] [24] [25] [26] . Considering two types of confining walls, the authors found a slowing-down or an acceleration of the dynamics close to rough or smooth pore surfaces, respectively. Experimentally, dynamics in confinement is probed by a large variety of techniques like differential scanning calorimetry [16] , dynamic calorimetry [18, 27] , dynamic mechanical measurements [28] , dielectric spectroscopy [29] , neutron scattering [30] or NMR [31] . Despite the huge number of experimental and theoretical work which report increasing [17] , decreasing [16] , constant or even two glass transition temperatures [32] for various pore sizes, no final picture of the behaviour of glasses in confined media has been obtained up to now. This is partly due to the diversity of features which real systems show depending on the type and strength of interactions between the molecules and the pore surface, the measuring technique, etc. Excellent discussions concerning these questions can be found in [22] and [33] .
Experimental results. -In order to investigate the predicted confinement effects on dynamic elasticity, we performed detailed Dynamic Mechanical Analysis (DMA) measurements of the low-molecular-weight glass-forming liquid salol (phenyl salicylate, C 13 H 10 O 3 ) confined to nanoporous Vycor glass (code 7930). Vycor is composed of nearly pure SiO 2 . The confining morphology of Vycor (7930) can be described as a network of three-dimensional (3D) randomly connected pore segments with a mean pore diameter d ≈ 7 nm ( fig. 1) , with a distribution width of ≈ 0.5 nm and an average length l ≈ 30 nm [34] having a porosity of about 28%. The pore segments are uniformly distributed in orientation and density. Salol is a fragile (fragility parameter m = 73) glass-forming substance [35] , which is considered as a model system for the study of glass transition and molecular mobility in the supercooled liquid. It has been extensively studied by many experimental techniques, so that a great deal of information is available for comparison with new experimental and theoretical work. The glass transition temperature of salol (T g ≈ 220 K for the bulk material) is moderately lowered in confined geometry. Trofymluk et al. [17] found a nonmonotonic dependence of T g on pore size for salol confined in ordered mesoporous silica (MS). For pore sizes of 5.6-26.4 nm they determined a depression of T g of 2-3 K. The authors also found that liquid salol does not crystallize in pores < 11.8 nm and easily vitrifies on cooling [17] . This allowed us to perform the experiments studying the glass transition with moderate cooling and heating rates (2 K/min). Unlike to the confined case bulk liquid salol easily crystallizes at about 290 K and it requires cooling rates of about 500 K/min to supercool it to the glassy state [36] . The present measurements have been performed using a Dynamic Mechanical Analyser (DMA7-Perkin Elmer). In this method a static or dynamic (f =0.01-50 Hz) force (1-2500 mN) is applied. The amplitude ∆h (inset of fig. 3 ) and phase lag δ of the mechanical response are measured via electromagnetic inductive coupling with resolutions of better than 10 nm and 0.01
• , respectively. This allows to determine the real and imaginary parts of the dynamic elastic susceptibility of a material at low frequencies as a function of temperature and applied force. The measurements are performed in so-called parallelplate or three-point bending geometries. In contrast to the relative accuracy, the absolute accuracy of the method is rather poor. There are two main sources for systematic errors, i.e. the error due to the DMA Qauartz rodmotor system (modeled by a spring constant k DMA ≈ 2 × 10 4 N/m) and an error due to non-perfect mechanical contact between the sample and the DMA Quartz rod (we found typical values of k cont ≈ 10 6 N/m). The first error is usually compensated by calibrating the DMA apparatus before measurements, but the contact error cannot be avoided and leads to a significant lowering of the effectively measured Young's modulus Y ef f which for parallel-plate geometry is given as
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Heterogeneous relaxation dynamics of nano-confined salol probed by DMA where h and S are thickness and contact surface of the sample.
Details of the experimental setup may be found in refs. [37, 38] . Figure 2 displays the temperature dependences of the sample heights of pure Vycor and Vycor filled with salol. For these thermal expansion measurements no force is applied at all. As expected for pure Vycor h(T ) decreases almost linearly with decreasing temperature, whereas the salol-filled sample shows a strongly nonlinear decrease of h(T ) due to the vitrification of salol in the pores 1 .A s already mentioned above, the glass transition temperature T g of confined salol appears to be similar to the bulk value of ≈ 220 K. Figure 3 gives an overview of dynamic parallel-plate measurements of salol confined to a Vycor glass of 7 nm-sized pores. The real (Y ′ ) and imaginary (Y ′′ )p a r t s of the complex Young's modulus Y * = Y ′ + iY ′′ show several characteristic features, which we shall qualitatively discuss now before we present a detailed analysis of the data: As expected for a glass transition, with decreasing frequency the curves shift to lower temperatures. However the crossover region between the high-and low-temperature limits (relaxed and unrelaxed moduli) of Y ′ and Y ′′ appears to be rather broad (≈ 40 K). This alsosho wsupinaratherbigtailonthehigh-temperature side of Y ′ , followed by an abrupt change on the low-temperature side, resembling a two-step (or double S-shaped) behaviour. In accordance with this the corresponding loss moduli Y ′′ show two rather broad peaks, which are separated by about 18 K in temperature. Threepoint bending measurements which we have performed as a function of temperature for various measurement frequencies show the same type of behaviour (inset of 1 An estimation using the density data of liquid and solid salol [39] shows, that the observed length change must originate from about 20 vol% of salol material, which is in good agreement with the 28% porosity of Vycor. It implies that the measured response is due to the material inside the nanopores and does not result from residual material on the sample surface. fig. 3(b) ). It should be noted, that pure Vycor displays no anomalies in Y ′ and Y ′′ . Y ′ decreases linearly with decreasing temperature by about 2% in the whole covered temperature range and the loss modulus Y ′′ is negligible, small and constant.
Interpretation and comparison with experiment. -Measurements of the elastic response to an applied dynamical stress is a widely used technique for studying the slowing-down of the dynamics when approaching the glass transition temperature in glass-forming materials [40, 41] . The DMA technique was already successfully applied to study the glass transition in molecular glass-forming liquids both in bulk materials [42] as well as confined in porous media [28] . A quantitative analysis of the elastic behaviour of composites can be done on various levels of sophistication [28, 43] . Using a simple mixing model, one obtains for Young's modulus Y c of the composite salol+Vycor for serial mechanical coupling of Vycor and salol
where Y v , Y s are the Young's moduli of Vycor (SiO 2 ) and salol and C v =0.72, C s =0.28 are the corresponding volume ratios.
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For parallel mechanical coupling one obtains
Using the values for the elastic moduli of SiO 2 (Y v = 72.4 GPa) and salol in the liquid (Y s = 2 GPa) phase we obtain an estimation of Young's modulus of the composite at room temperature as 6 GPa <Y c < 51 GPa. Taking into account the above-mentioned errors in eq. (1), we obtain for the effectively measured Young's modulus of the composite 4.2GPa<Y ef f c < 11.5 GPa. Using eqs. (2) and (3) and the value of the elastic modulus of salol in the liquid and the solid phase (Y s = 5 GPa) we obtain upper and lower bounds for the relative changes of the composite Young's modulus during vitrification of 0.02 < ∆Yc Yc < 0.13. This estimation of the expected effect explains why the vitrification process of salol within the pores of Vycor can be so easily detected by DMA experiments. The measured relative changes of the Young's modulus of about 10-20% ( fig. 3a) are well within the above-calculated limits. Interestingly enough very similar conditions (with respect to the elastic moduli ratios) appear for a quite different system, i.e. for the transition of water into ice. Here the bulk modulus changes from about 2.2 GPa in the liquid state to about 9 GPa for polycrystalline ice [44] . In an early work Sellevold and Radjy [45] studied the freezing of water confined in porous Vycor by dynamical mechanical resonance measurements (300 Hz-1600 Hz). Very similar to our case they find a substantial increase of Young's modulus up to 70% and an enhancement of internal friction associated with the freezing transition of capillary condensed water in the nanopores.
To explain the crossover from the liquid to the glass state of salol confined in Vycor, we made several attempts to describe our experimental findings: A simple Kohlrausch or Cole-Davidson function even with extreme stretching parameters do not reproduce our data at all. Even in case, where we can fit Y ′ ,t h ep e a ki n Y ′′ appears to be shifted at about 20 K higher than the measured one! In fact all attempts to fit our data with a single relaxation time failed. This led us to the assumption that the dynamical behaviour of salol in the pores requires an inhomogeneous model taking into account a radial space dependence of the relaxation time ( fig. 1) . In fact such a model was very recently applied to describe inelastic neutron scattering experiments of salol confined in nanoporous silica glass (Gelsil) [46] . In order to fit their data of the scattering function at all measured temperatures, the authors assumed a shift of the Vogel-Fulcher temperature according to
where T 00 is the Vogel-Fulcher temperature of the bulk liquid, R = d/2 is the pore radius and r p is a so-called penetration radius, i.e. a distance beyond which it is very unlikely to find a particle of the fluid. Using a VogelFulcher temperature dependence of the relaxation time τ = τ 0 e E/[T −T0(r)] , one obtains a dependence τ (r)o nt h e position of a relaxing volume in the pore:
In fact such a parametrization is consistent with recent results from molecular-dynamics simulations which predict an exponential dependence of the relaxation time when approaching the pore walls [24] . In ref. [23] it was shown, that close to the surface of the pores the r-dependence of the relaxation time can be described by the empirical ansatz τ (r) ∝ e ±∆(T )/(R−r+rp) ,w h e r e the positive (negative) sign corresponds to systems with rough (smooth) surfaces ( fig. 1) .
To calculate the macroscopic dynamic elastic response we integrate the dynamic complex Young's modulus -which here we assume to be of Cole-Davidson type over the pore volume. The averaged and normalized real and imaginary parts of
rdr,
Inserting eq. (5) into eq. (6) we have simultaneously fitted the frequency and temperature dependences of the real and imaginary parts of the complex Young's modulus ( fig. 3 ).
The present model reproduces our measurement data excellently ( fig. 4 ) with fit parameters γ =0.4, T 00 = 155 K, E = 1750 K, τ 0 =10 −11 sa n dk = 25 nmK. Broadband dielectric spectroscopy data [47] of salol in Gelsil of 2.5, 5 and 7.5 nm pore sizes where interpreted in terms of a two-states model with dynamic exchange between a bulklike phase in the pore volume and an interfacial phase close to the pore wall. For the bulk-contribution and 7.5 nm pores the authors obtained τ 0 =10 −15 s, T 0 = 177 K and E = 1416 K. The relaxation time of the surface contribution was shown to be two orders of magnitude higher. Of course these parameters cannot be directly compared with ours, since their fits where obtained from different equations, but a numerical evaluation of eq. (5) with our set of parameters also yields τ (r = R)/τ (r =0)≈ 100 in the temperature range covered by dielectric spectroscopy.
Very recently inelastic neutron scattering experiments of salol in Gelsil where performed [46] . The authors used the same approach of inhomogeneous dynamics as we and obtained values of fit parameters for salol confined in 2.5 nm Gelsil: γ =0.322, T 00 = 179 K, E = 831 K, τ 0 =10 −13 sa n dk = 5 nmK. Unfortunately these parameters also cannot be directly compared to ours since the pore size, the host matrix and the measurement
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Heterogeneous relaxation dynamics of nano-confined salol probed by DMA technique is rather different from ours. Moreover in a previous work it was shown, that the Vogel-Fulcher temperature can depend strongly on the low-frequency cutoff of the applied fitting range [48] . Using dielectric and specific heat spectroscopy the author has shown, that the Vogel-Fulcher temperature T 0 can vary from 220 K to 140 K for frequency cutoffs between 10 7 Hz and 10 −3 Hz. This may explain the different T 00 values obtained from inelastic neutron scattering and low-frequency Dynamic Mechanical Analysis. The other bulk values for salol reported in the literature [47] are τ 0 =10 −13 sa n d E = 931 K.
Interestingly in differential scanning calorimetry (DSC) measurements of salol confined to porous silica MCM-41 and SBA-15 a second anomaly at 14-16 K above the bulk glass transition was found [17] . The authors interpret this additional specific-heat anomaly in terms of a second glass transition in the interfacial pore region. Our analysis of data, however, rather suggests, that the additional peak in the temperature dependence of the loss modulus Y ′′ is not related to the existence of a layer at the pore surface that is dynamically decoupled from the rest of the liquid, but is just the result of averaging over particles that have a distribution of relaxation times. A similar interpretation may also be appropriate for the additional specific heat anomaly of ref. [17] . Indeed for increasing the pore size the present model yields a decrease of the second loss anomaly as well as a shift in temperature (inset of fig. 4 ), which very much resembles the findings of ref. [17] .
Part of the above-mentioned complication, i.e. the increasing or decreasing T g w i t hv a r y i n gp o r es i z e s may originate from a transmission of surface-induced slowing-down or acceleration of molecules quite far into the pore volume. However salol seems to be a system, where the surface-induced slowing-down can be separated from the confinement-induced acceleration of the dynamics. Indeed in the framework of our model the extrapolated "core" Vogel-Fulcher temperature T 0 (r =0)=T 00 + k/(R + r p ) ≈ 160 K, is about 35 K below the bulk value (194 K) measured by dielectric spectroscopy [47] . It implies, that although the motion of molecules is slowed down near the rough surface of the pores, the relaxation times near the center of the pores are smaller at all temperatures compared to bulk salol. The present results for salol are consistent with the view that the α-relaxation is faster in confined geometries. Very recently Zorn et al. [46] arrived at the same conclusion from inelastic neutron scattering experiments of salol confined in nanoporous Gelsil with various pore sizes.
Conclusion. -Summarizing, our measurements demonstrate, that Dynamic Mechanical Analysis provides a very sensitive method to test the dynamic behaviour of glass-forming liquids in confined systems. In favorable cases it allows to study the question, of whether or not there is an "intrinsic" size or confinement effect that is balanced by surface effects. Indeed the results of salol (inset of fig. 4) show, that for decreasing pore size the second anomaly in Y ′′ becomes more pronounced, making it easier to separate confinement and surface effects for the interesting case of pore sizes approaching the correlation length ξ(T g ).
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